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St ra t i fo rm quar tz -su lph ide  lodes  in Ing ladha l  occur  in a typical  P recambr ian  green-  
s tone-be l t  env i ronment  compr is ing  metabasa l t s ,  tuff, cher t  and  cher ty  i ron -su lph ide  
fo rmat ion .  Unusua l ly  h igh  cobalt  contents  of metavo lcan ics  and  of su lph ide  minera ls  
in o rebod ies  suggest  a consangu in i ty  between ores  and  rocks .  90% of total nickel,  
70% of total cobalt  but on ly  30% of total copper  in rocks  occur  in sil icate phases  and  
thus indicate an ear ly  separat ion  of copper  f rom cobalt  and  nickel.  Unusua l ly  h igh  
non-su lph ide  copper  in bar ren  bedded cher ts  imp l ies  avai labi l i ty of Cu- r i ch  solut ion 
pr io r  to their lithification. Pyr i te  in sed iments ,  in vo lcan ics ,  and  in o rebod ies  is 
character i zed  by  a dist inct ive pat tern  of Co -N i  d istr ibut ion in each  case.  Par t i t ion -  
ing of Co  and  N i  between coex is t ing  su lph ide  pa i rs  is complex ,  but g ross  equ i l ib r ium 
is indicated.  Very  h igh  t race  meta l  content  of o rebody  pyr i te  sharp ly  cont ras ts  w i th  
very  low such  va lues  in pyr i te  f rom ad jacent  sed iments  and  points  to a h igher  tem-  
perature  of fo rmat ion  of o rebod ies .  
SYMBOLS 
Py  - Pyr i te  
Po  - Pyr rhot i te  
Cpy  - Cha lcopyr i te  
i, j, etc - di f ferent e lements  
c~, B, etc - minera l  phases  
X~i; PY  XNI  - concent ra t ion  of e lement  i in 
phase  c~; concent ra t ion  of n icke l  in pyr i te 
(i/j)c~; (Co /N i )py  - rat io of concent ra t ions  
of e lements  i and  j in phase  c~; ratio of 
Co :N i  in pyr i te  
Py  - P o 
R~-I3;~ Rco  -d ist r ibut ion of an  ele- 
ment  i between the phases  01 and  f3 as de -  
te rmined  by  X °~/Xf~ • ratio of cobal t  in py -  
i I i' 
rite to cobalt  in pyrrhot i te .  
INTRODUCTION 
Use  of t race  e lement  data  of o res  and  
host - rocks ,  in o rder  to character i ze  the 
env i ronment  of o re  depos i t ion  and  to 
estab l i sh  the genet ic  nexus  between ores  
and  the supposed  parent  rocks ,  is often 
beset  w i th  severe  l imitat ions.  The  initial 
h igh  hopes  ra i sed  by  ear l ie r  s tudies  (e. g. 
Auger ,  1941; Dav idson ,  1962; Hawley ,  
1952; Hawley  andNico l ,  1961; Hegemann,  
1943)  have  been  belied, ma in ly  th rough 
later care fu l  invest igat ions  wh ich  have  
revea led  numerous  unforeseen  complex i -  
ties. Never the less ,  such  data, when used  
in con junct ion  w i th  re levant  geo log ic  in- 
fo rmat ion ,  have  proved  reward ing  (e.g. 
Carnbe l  and  Ja rkovsky ,  1967, 1969; Go-  
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vett and  Pantaz i s ,  1971;  Lo f tus -H i l l s  and  
So lomon,  1967). Mercer  (1976), in his 
rev iew article, has  emphas ized  the l imi -  
tat ions and  potential i t ies of the uses  of 
t race  e lement  data of meta l  depos i t s  in 
sed imentary  rocks .  
Dur ing  the 'course  of an invest igat ion of 
the Ing ladha l  (14°8 , 28"  - 14o12 ' 0"N;  
76o26 '8  '' - 76o28 ' 16"E)  copper  depos i t  
(Philip, 1971,  1977;  Bagch i ,  Mookher jee  
fac ies  of i ron - fo rmat ion .  The  lava- f lows ,  
often wi th  we l l -p reserved  pi l lows,  a re  
most ly  basalt ic,  - more  felsic var iet ies  
such  as  andes i te ,  t rachyte  and  kerato -  
phyres  const i tut ing about  10% of the total 
vo lume of vo lcan ics .  Phi l ip  (1977) has  
descr ibed  n ine  var iet ies  of we lded  tufts, 
wh ich  include fine l aminated  ash- f lows ,  
c rysta l  tuff, reworked  tuff etc, f rom this 
region.  Sed imentary  rocks  a re  conform-  
able  wi th  the vo lcan ics  and  genera l ly  occu-  
and  Phi l ip,  1970) the pat terns  of d is t r ibu-  h igher  s t ra t igraph ic  hor i zons .  Mas -  
tion of cobalt  n icke l  and  copper  in the coun-PsiYve cher t  bands  are  in ter layered  wi th  the 
try rocks  and  of cobalt  and  n icke l  in indi- 
v idual  su lph ide  minera ls  were  examined.  
The  present  repor t  incorporates  resu l ts  
of the geochemica l  invest igat ion. A br ief  
summary  of the geo log ica l  setting, ma in -  
ly based  on Ph i l ip ' s  (1971, 1977)  report ,  
is a lso incorporated .  
T race  e lements  were  determined  by  a 
mode l  303 Perk in  E lmer  a tomic  absorp -  
tion spect rophotometer .  Rock  samples  
were  first mic roscop ica l ly  examined to 
ensure  that these  were  "unrn inera l i sed"  
and  powdered  samples  were  sub jec ted  to 
repeated  d igest ion  in HF-Perch lo r i c  acid. 
The  su lph ide  minera ls  were  separated  
by  a F ranz  I sodynamic  Separator ,  heavy  
l iquid and, when necessary ,  by  handp ick -  
ing under  the b inocu lar  mic roscope  until 
> 98% pur i ty  was  attained. Su lph ide  sam-  
p les  wer.e d igested  in Conc  HNO 3 and  per -  
ch lor ic  ac id  to obta in  the solution. B lanks  
were  prepared  in the same fashion.  
GEOLOGIC  SETT ING 
The  Ing ladha l  o re  deposit ,  l ocated  6 km 
south  of Ch i ta ldurg  (also known as  Ch i -  
t radurga)  townsh ip  in Karnataka ,  occurs  
wi th in  the Archaean greenstone  belt of 
southern  India. As  such,  many of the 
dist inct ive features  of s t ra tabound sul- 
ph ide  depos i t s  in P recambr ian  vo lcan ic  
mi l ieu  (Gi lmour ,  1971; Goodwin and 
R id ler ,  1970; Sangster  and Scott, 1976) 
a re  character i s t i ca l l y  p resent .  
The area  cons is ts  p redominant ly  of a 
d i f fe rent ia ted  suite of lava - f lows  and 
tuf faceous rocks ,  with vary ing  amounts  
of cong lomerates  cher ts  and sulphide 
tuf faceous rocks.  A banded pyr i te -pyr rho-  
t i re -cher t  rhythmi te  const i tu tes  a marker  
hor i zon  for a s t r ike  length of more  than 
10 km in the immediate  v ic in i ty  of the ore 
deposit  and represents  the sulphide fa-  
c ies of i ron - fo rmat ion .  In ter layer ing  of 
vo lcan ics  with sed iments ,  p resence  of 
acid vo lcan ic  d i f fe rent ia tes  (though quan-  
t i tat ive ly  ins ign i f icant)  and rar i ty  of 
coarse  pyroc las t i cs  point to a re la t ive ly  
qu iescent ,  waning phase of vo lcan ism.  
Younger  do ler i te  d ikes cut through the 
metavo lcan ics  and metased iments .  
Grade of reg iona l  metamorph ism is low 
to moderate ly  low; tuf faceous rocks  are  
represented  by f ine -gra ined  ch lor i te  
sch is ts  with wel l  p reserved  pr imary  la -  
minat ions ,  basa l t s  by ch lor i te /ac t ino l i te  
sch is ts  and ep idote -amphibo l i tes ,  and 
pyr i t i c  cherty  fo rmat ions  by pyr i te -pyr rho-  
t i re -cher t  rhythmite .  
Deformat ion  of these rocks  were  pre -  
dominant ly  through compress ion  in the 
E -W d i rect ion ,  - s t ruc tura l  e lements  
having evolved in two success ive  stages.  
Two d is t inct  fold s ty les  have been record -  
ed. One isoc l ina l ,  with sharp c res ts  and 
vary ing  t rends  and amounts  of plunge; 
the other ,  an open fold sys tem with steep 
plunge and near -constant  t rend.  Refo ld-  
ing of the (ear l ier )  i soc l ina l  fo lds is re -  
p resented  by twisted minor - fo ld  axes and 
bent  axia l  p lane t races  of ear l ie r  folds. 
On a reg iona l  scale,  the area  fo rms part  
of a ma jor  souther ly -p lung ing  ant ic l ine ,  
as shown by s t ruc tura l  ana lys i s  (Phi l ip, 
1971). Copper minera l i za t ion  occurs  a
s t ra t i fo rm quar tz -su lph ide  lodes within 
what has been var ious ly  descr ibed  as
"sch is tose  rocks"  (Viswanathaiah et a l . ,  
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1971)  o r  '~highly sch is ted  vo lcan ic  f lows"  
(Radhakr i shna ,  1974). Care fu l  pet rograph-  
ic examinat ion  by  Phi l ip  (1977) revea ls  
that the immediate  host  rock  is a var ie ty  
of layered  "c leaved  tuff" occur r ing  inter-  
banded w i th  variol it ic t raps  and  banded 
pyr i te -pyr rhot i te  rhythmi te .  Ma in  quar tz -  
su lph ide  lodes  are  conformab le  w i th  the 
laminat ion  in tuff wh i le  "c ross -ve ins"  
(V i swanatha iah  et al., 1971), a thwar t  to 
p r imary  band ing ,  occupy  S -p lanes  de-  
ve loped  dur ing  the two  phases  of folding. 
M inera logy  of the ore  is ra ther  s imple .  
Pyr i te  pyr rhot i te  and  cha lcopyr i te  con-  
stitute about  95% of the su lph ide  minera ls .  
M inor  amounts  of spha ler i te  ga lena  and  
bou langer i te  a re  repor ted  (Pathan  and  
Naganna,  1970;  Bor reswarrao  and  Acha-  
ryulu, 1970). The  ore  reserve ,  accord ing  
to Radhakr i shna  (1974) one  mill.  t. of 
1 .4 % Cu.  
PREVIOUS WORKS 
Geo logy  of the area  and  aspects  of min -  
era l i sat ion have  been descr ibed  by  Rad-  
hakr i shna  (1967, 1974) and  V iswanatha iah  
et al. (1971). Bor reswarrao  andAchary -  
ulu (1970) have  descr ibed  the minera logy  
and  paragenes is  of the su lph ide  ore  min -  
erals.  Naqv iandHussa in  (1973) have  dis-  
cussed  the geochemis t ry  of the metavo l -  
canics.  Ph i l ip  (1977) has  descr ibed  the 
pet rograph ic  var iet ies  of turfs p resent  
in the area  and  proposed  their mode of 
origin. Hegde and  Aswathanarayana  (1977) 
have  d i scussed  the ore  e lements  in the 
metavo lcan ics  of the area  and  the poss i -  
bility of us ing  the data for o re  prospect -  
ing. Bagch i ,  Mookher jee  and  Phi l ip  (1970) 
br ief ly d i scussed  the geo logy  and  meta l -  
l ogenes is  of the area.  
TRACE METALS IN  THE COUNTRY 
ROCK 
Resu l ts  
Th i r ty  seven  unminera l i sed  samples  
(three cherts ,  eight tuff s, fifteen lava-  
f lows  and  bas ic  in t rus ives  and  e leven  
ch lo r i te /amphibo le  schists)  of the coun-  
try rock  were  ana lysed  for copper  cobalt  
and  nickel.  The  resu l ts  a re  shown in 
Tab le  i. 
The  three cher t  samples ,  w i th  very  low 
Co  and  N i  in near ly  equa l  p ropor t ions  
and  very  h igh  copper  content, s tand apar t  
as  a group  f rom the rest  of the ana lyses .  
One  of the samples  is f rom su lph ide- f ree  
por t ion  of the pyr i te -pyr rhot i te -cher t  
band,  and  th~ other  two  are  f rom unminer -  
a l ised thick chert  bands  ( in ter layered 
with in the tufts) that do not show a s ingle 
su lph ide  gra in  under  the mic roscope .  
The  rest  of the metavo lcan ics ,  com-  
pr i s ing  var ious  types  of tuff s, traps, 
younger  do ler i tes  and  sch ists  (but p re -  
dominant ly  basaltic), g ives  an  average  
assay  of 146  ppm Ni, 66 ppm Co and  67 
ppm Cu.  Its cor respondence  w i th  the data 
of Naqv i  and  Hussa in  (1973) is ra ther  
str ik ing (124 ppm Ni, 66 ppm Co,  and  68 
ppm Cu),  even  though they covered  a 
la rger  a rea  than that of the present  invest i -  
gation. 
Among the vo lcan ics ,  the tufts a re  dis-  
t ingu ished by  (a) a much lower  n icke l  con-  
tent (average  78 ppm)  than the genera l  
average  (146 ppm Ni), and  (b) a much 
h igher  Co /N i  ratio wh ich  exceeds  I. 0 in 
four  out of eight samples .  
The  lava- f lows  and  their metamorphosed  
equ iva lents  together  w i th  the younger  
do ler i tes  give an average  assay  of 168 ppm 
Ni, 67 ppm Co,  and  72 pprn Cu.  But  for 
some excess  in nickel,  this average  is 
virtual ly s imi la r  to the average  va lues  
when the turfs a re  a lso included. 
D iscuss ions  
Hegde and  Aswathanarayana  (1977) have  
studied the leachab le  (i. e. su lph ide  f rac -  
tion, re leased  by  H202 - ascorb ic  ac id  
mix ture)  t race  meta l  content  of the meta -  
vo lcan ics  a round Ingladhal .  The i r  average  
assay  (N i -18  pprn, Co-12  ppm,  Cu-46  
ppm) ,  when compared  w i th  those  of the 
present  s tudy and  Naqv i  and  Hussa in '  s 
(1973), immediate ly  suggests  that about  
90% of Ni, 70% of Co,  but on ly  30% of 
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Tab le  i. Coba l t  n icke l  and  copper  content  (ppm} of unminera l i zed  rocks  f rom 
Ing ladha l  
SI. No .  Rock  Type  Sp  No .  N i  Co  Cu  Co /N i  
A .  S t ra t i fo rm cher t  bands  
i. Cher t  R 21 I0  < I0 430  
2. Cher t -Fe -  su lph ide  
rhythrnit  e (su lph ide 
f ree  port ion)  R 94 I0  < I0  450  
3. Cher t  R 404  35 20 460  
Average  18 - 447 
0.6  
B.  Tur fs  of d iverse  texture  
i. Tu f f  R 1 125  60 80 
2. Tu f f  R 45 125 45 85 
3. Tu f f  R 272  50 50 60 
4. Tu f f  R 296  20 35 i0 
5. Tu f f  R 586  115  70 50 
6. Tu f f  R 309  90 54 65 
7. Tu f f  R 134  65 70 80 
8. Tu f f  R 266  30 60 15 
0.48  
0 .36  
1 .00  
1 .75  
0.61  
0.60  
1 .07  
2 .0  
Average  78 55 56 0 .71  
C. Metavo lcan ics  and  younger  bas ic  in t rus ives  
i. Me~abasa l t  R 511 85 65 120  
2. Metabasa l t  R 585 125 60 45 
3. Metabasa l t  R 507  100  80  15 
4. Metabasa l t  R 314 450  60 70 
5. Metabasa l t  R 336  350  80  65 
6. Variotitic "trap" R 541 i i0 60 60 
7. Var io t i t i c  " t rap"  R 61 120  55 70 
0.76  
0 .48  
0 .80  
0 .13  
0 .23  
0 .55  
0 .46  
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Tab le  I. cont inued  
SI. No .  Rock  Type  Sp. No .  N i  Co  Cu  Co /N i  
8. Var iot i t i c  " t rap"  R 126  i i0  50 70 0 .45  
9. T rap  R 38 300  70 70 0 .23  
I0. T rap  R 305 140  60 50 0 .42  
Ii. Younger  ol iv ine nor i te  R 501 300 105 70 0 .35  
12. Younger  doler i te  R 367 130  65 30 0 .50  
13. Younger  do ler i te  R 194  120  90 i00  0 .75  
14. Younger  do ler i te  R 159 220  70 i00  0 .32  
15. O l iv ine  nor i te  R 499  530  65 65 0 .12  
D.  Hornb lende ,  t remol i te  and  chlor i te sch ists  
Coarse  trernolit ic t rap R 324 90 I.. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
i0. 
ll. 
Coarse  trernolit ic t rap 
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Hornb lende  schist  
Ch lo r i te  schist  
70 I0  0 .78  
R 312 120  80 80 0 .67  
R 36 100  55 140  0 .55  
R 37 85 55 70 0 .65  
R 199 i00  55 I0  0 .55  
R 207  185 65 95 0 .35  
R 205  80 65 95 0 .81  
R 203  80 80 75 1 .0  
R 583 125  60 45 0 .48  
R 523 80 105  170  1 .16  
R 328 120  75 70 0 .63  
Average  (B, C & D)  146  66 67 
Average  (C & D) - 168 67 72 
copper  in the Ing ladha l  vo lcan ic  suite oc -  
cur  as  non-su lph ide ,  p resumably  locked  INote  added in the rev ised  manuscr ip t .  
up  wi th in  the si l icate phase  I. Th i s  po ints  Subsequent  speet rophotornet r i c  deter rn ina -  
to a distinct geochemica l  di f ferent iat ion t ions of H20  2 - ascorb ic  ac id  leachab le  
of copper  f rom Co  and  Ni. The  most  p lau -  Cu,  Co  and  N i  in 26 rnetavo lcan ics ,  8 
sible exp lanat ion  is that copper ,  unl ike turfs and  8 bedded cher t  samples  have  
cobalt  and  nickel,  was  enr iched  in the re -  y ie lded  the fo l low ing  va lues  (all in ppm) .  
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Tab le  2. Coba l t ,  n icke l  and  copper  content  of Ing ladha l  metavo lcan ic  suite, com-  
pared  w i th  those  in bas ic  rocks  f rom other  a reas  
Rock  type,  locat ion  Coba l t  (ppm)  N icke l  (ppm)  Copper  (ppm)  
and  source  of data  Range average  Range average  Range average  
i a. Ing ladha l  (Ch i ta ld rug)  
metavo lcan ics  
exc lud ing  turfs 
(p resent  s tudy)  67  80-530 168 10-170 71 
Ing ladha l  (Ch i ta ld rug)  
metavo lcan ics  
inc lud ing  tufts 
(p resent  s tudy)  66 10-530 146 10-170 67 
lb .  
50-105 
35-105 
2. Ch i ta ld rug  sch is t  bel t  
metavo lcan ics  - Naqv i  
andHussa in ,  1973 36-101 66  51-208 124 7 -240 68 
3. Quar tz  -normat ive  
thole i i te  - P r inz ,  1967 7 -65  38 0 -350  76  0 -300  135 
4. O l iv ine  -normat ive  
thole i i te  - P r inz ,  1967 20-75  43  0 -350  126 3 -200 ~75 
5. Ocean ic  thole i i te  - 
Enge l  et al. ,  1965 - 32 97  77 
6a. T roodos  p i l l ow lava  
(a l te red  basa l t )  54  127  - 89  
6b. T roodos  p i l l ow lava  
(basal t )  46  152  - 69 
6c. T roodos  p i l l ow lava  
(" very  bas ic  basa l t " )  54 207  - 76 
6d. T roodos  p i l l ow lava  
(o l iv ine basa l t )  - Govet t  
and  Pantaz i s ,  1971 - 59 348  - 74  
7. Basa l t i c  rocks  - Turek i -  
an  andWedepoh l ,  1961 - 48  130  87  
8. Bas ic  rocks  - V ino -  
g radov ,  1962 - 45  160  10O 
9a. Dep le ted  Archaean 
tho le i i te  (DAT)  - 60  225  
9b. Enr iched  Archaen 
thole i i te  (EAT) -  
Cond ie ,  1976 - 50  i00  
110 
I i0  
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Ni  
- -  6d  
I b  • 60 
Co ~" ~Cu 
Fig.  i. Re la t ive  propor t ions  of Cu ,  N i  and  Co  in Ing ladha l  metavo lcan ics  and  in 
s imi la r  rocks  f rom other  a reas  (numbers  same as  in Tab le  2) 
Copper  N icke l  Coba l t  
Rock  type mean range  mean range  mean range  
Meta -  
vo lcan ics  52 5 - i i0  16 6 -35  18 I0 -60  
Tuf f  40  5 -100  8 2 -30  17 8 -55  
Bedded 
cher t  15 0- 40  tr 0- 5 tr 0- 5 
s idual  aqueous  fluid (and later p rec ip i ta -  
ted as  sulphides) .  
T race  e lement  concent ra t ion  pat tern  in 
the cher ts  seems to bear  out the conten-  
tion. Cher ts  a re  be l ieved  to have  or ig in -  
a ted  by  d i rect  prec ip i ta t ion  of sil ica gel 
in p laces  where  lava  f lows  enter  the sea  
or  where  hot spr ings  assoc ia ted  w i th  vol -  
can ic  activity supp ly  water  to the sea. 
Such  cher ts  a re  we l l -known for  their neg-  
ligible amounts  of t race  meta ls  (Kraus -  
kopf,  1955). But  avai labi l i ty of Cu- r i ch  
aqueous fluids (of volcanic affiliation) 
before or during diagenesis, could drasti- 
cally change the picture and cause copper 
enrichment of the cherts through adsorp- 
tion by silica gel. Unusually high non- 
sulphide copper content and very low te- 
nors of cobalt and nickel of the Ingladhal 
cher ts  e legant ly  matches  the postu la ted  
situation. 
It is an  empi r i ca l  observat ion  repeated-  
ly made by  severa l  workers  in the Cana-  
d ian  shie ld (Goodwin  and  R id le r ,  1970;  
40 A.  Mookher jee  and  R. Phi l ip  
R id le r ,  1971a;  Hutch inson  et al., 1971)  
that there  exists  a spatial  cor re la t ion  be-  
tween "exha l i tes"  (cherts  and  di f ferent 
fac ies  of i ron fo rmat ions )  and  vo lcano-  
gen ic  base  meta l  su lph ide  accumulat ion .  
The depositional environment most  favour- 
able for base metal sulphide accumulation 
is the one where  coexisting iron-formation 
belongs to the sulphide facies, implying 
a shelf-to-basin transition of environment. 
AsRid ler  (1971b) summar izes  it: "where- 
ever a volcanic complex is within the sul- 
phide or sulphidic carbonate facies and 
exhaling base or precious metals, signi- 
The data  c lear ly  show that compared  to 
even  the most  bas ic  var ie ty  of andes i tes ,  
the Ing ladha l  suite of tu f faceous  rocks  is 
apprec iab ly  r i cher  in cobalt  and  nickel.  
Tab le  2 presents  a compar i son  of the 
t race  meta l  content  of the Ing ladha l  suite 
of vo lcan ics  w i th  that of var ious  types  of 
basa l t ic  rocks ,  as  computed  by  severa l  
workers .  Naqv i  and  Hussa in  (1973) have  
drawn attent ion to the fact that the average  
va lues  of Co ,  Ni, Cu  (and V)  of the ehital-  
drug volcanic suite are very similar to 
those reported f rom olivine-normative 
tholeiite. However,  a degree of caution 
f icant minera l i za t ion  may occur" ,  The  is war ranted  in such  cor re la t ions ,  as  
h igh  copper  content  of cher ts  (and the cher -cond ie  (1976) has  demonst ra ted  that all 
ty por t ions  of the su lph ide  fac ies  i ron-  Archaean vo lcan ic  rocks ,  regard less  of 
fo rmat ion)  and  the c lose  spatial  assoc ia -  
tion of base-meta l  minera l i sa t ion  and  sul-  
ph ide  fac ies  of i ron fo rmat ion  at Ing ladha l  
assume added s ign i f i cance  in this context.  
Sangster  and  Scott  (1976) quote  L ickus  
(1965) and  Sakr i son  (1966) who  have  shown 
that " the chemis t ry  of a cher ty  tu f faceous  
layer,  s t ra t ig raph ica l ly  equ iva lent  to the 
compos i t ion ,  a re  enr i ched  in t rans i t ion 
meta ls ,  compared  to modern  var iet ies.  
S imi la r i ty  of the Ing ladha l  vo lcan ics  (ex- 
c lud ing  the tufts) wi th  the Troodos  p i l low 
lava  basa l t  is ra ther  striking. Compared  
to Archaean tholei ites (Condie ,  1976)  the 
Ing ladha l  suite (like the Troodos  p i l low-  
lava  suite) is somewhat  r i cher  in cobalt  
Vauze  and  Lake  Dufau l t  o re  bod ies  in the and  poorer  in copper .  Oovet t  and  Pantaz i s  
Noranda  area,  s igni f icant ly changes  its . . . . . . .  ac  ed' ~±~'±) nave  conc luded  f rom their s tudy  
character  as  the ore  zones  are  appro  h that copper  minera l i za t ion  in the Troodos  
The  lower  n icke l  content  (and the h igh  p i l low lava  ser ies  occurs  character i s t i -  
Co /N i  ratio) of the tufts re lat ive to the 
vo lcan ic  g roup  as  a who le ,  is a re f lec -  
tion of their vo lcan ic las t i c  or ig in  and  is 
re la ted  to the greater  ease  of decompos i -  
tion of fe r romagnes ian  minera ls  (- the 
pr inc ipa l  repos i to ry  of n icke l  -) in these  
f ine -gra ined  rocks  under  subaqueous  
weather ing  condit ions.  These  tu f faceous  
rocks ,  for wh ich  pyroc las t i c  ash - f low,  
f ro th - f low and  rework ing  mechan isms 
have  been  proposed  (Philip, 1977),  a re  
predominant ly  bas ic  andes i te  in compo-  
sition. In the v i r tual  absence  of data  on  
t race  e lement  content  of tu f faceous  rocks ,  
a compar i son  of the t race  e lements  of the 
Ing ladha l  tufts w i th  those  of andes i tes  is 
g iven  be low (data f rom Tay lo r ,  1968): 
cal ly in a reas  of low copper  and  h igh  co -  
balt. Same appears  to be  the case  at Ing-  
ladhal.  F ig.  1 shows  the re lat ive propor -  
t ions of Cu,  Co  and  N i  in all the rocks  
ment ioned  in Tab le  2. The  Ing ladha l  sam-  
ple data  plot away  f rom the rest, towards  
the cobal t  corner .  
Four  genet ica l ly -  s ignif icant points,  
thus, emerge  f rom the s tudy  of t race  ele-  
ment  d istr ibut ion pat tern  in the Ing ladha l  
metavo lcan ics .  
a) The  Ing ladha l  metavo lcan ics  a re  
r i cher  in cobalt  (with h igher  Co /N i  ratio) 
and  poorer  in copper  than their counter -  
par ts  e l sewhere .  Th is  may ref lect a reg io -  
nal  character i s t i c  feature.  
Ing ladha l  Low-S i  Low -K  H igh-K  
E lement  tuff andes i te  andes i te  Andes i te  andes i te  
N i  (ppm) 78 28 15 18 3 
Co  (ppm)  55 28 20 24 13 
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Tab le  3. Coba l t  and  n icke l  content  (ppm)  of su lph ide  minera ls  f rom 
Ing ladha l  
A .  Pyr i te  
(i) In quar tz -su lph ide  lodes  
SI. No .  Sp. No.  N i  Co  Co /N i  
1 R 470 680 4060 5 .97  
2 R 536 385 3480 9 .04  
3 R 535 1700 4600 2 .71  
4 R 469 1150 2250 1 .96  
5 R 468 470 4200 8 .94  
6 R 442  630  3000 4 .76  
7 R 472 840  4650 5 .54  
8 R 443 645 3440 5 .33  
9 R 474 300 1000 3 .33  
10 R 1 -A  410 930 2 .27  
11 R 43-A  680 13900 20 .44  
12 R 473  360  i000  2 .77  
13 R 531 570  15300 26 .84  
14 R 384 590 4160 7.1 
15 R 572 165 1410 8 .55  
16 R 544 740  12700 17 .16  
17 R 102 545 1920 3 .52  
18 R 5 -A  360  2400 6 .66  
19 R 74 150  1280 8 .63  
20 R 580  500  1370 2 .74  
21 R 463  470  480  1 .02  
Average  587 4168 7 .4  
Range 150-1700 480-15300 i. 02 -26 .8  
b) While nickel and cobalt in the meta- 
volcanics occur predominantly in the sili- 
cates, copper occurs mostly as sulphide, 
thus implying a geochemical differentia- 
tion of copper f rom cobalt and nickel at 
a very early stage. 
c) The unusually high (non-sulphide) 
copper content of the cherts, normally 
well-known for their very low trace metal 
content, is suggestive of local availabili- 
ty of copper-rich solution before or during 
diagenesis. 
d) Very  high copper content ( ~ 500 ppm) 
of unmineralized chert bands, proximity 
of sulphide facies of iron-formation, and 
low er-than-usual copper content but higher- 
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Tab le  3. cont inued 
(ii) In cher ty  i ron -su lph ide  fo rmat ion  
SI. No .  Sp. No.  N i  Co  Co /N i  
1 R 240 85 90 1.1 
2 R 244 80 105 1.3 
3 R 91 135 200 1.5 
4 R 21 180 370 2.1 
5 R 542 70 100 1.4 
6 R 85 110 135 1.2 
7 R 94 60 260 4 .3  
Average  103 180 1.75 
Range 60-180 90-370 1 .1 -4 .3  
(iii) D isseminat ions  and  vein lets  in tufts and  t raps  
$1. No. Sp. No. Ni Co Co /N i  
1 R 284 300 800 2.7  
2 R 388 240 380 1.6 
3 R 110 360 1500 4.2  
4 R 99 560 4940 8.8 
5 R 77 380 500 1.3 
6 R 475 450 1640 3.6 
7 R 448 415 280 0.7 
8 R 477 525 910 1.7 
Average  404 1369 
Range 240-560 280-4940 
3.4 
0 .7 -8 .8  
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Tab le  3. cont inued  
B. Cha lcopyr i te  
(i) In quar tz -su lph ide  lodes  
SI. No .  Sp. No .  N i  Co  Co /N i  
1 R 43-A  65 550  8 .5  
2 R 470  i i0  670 6.1 
3 R 573 105 460  4 .4  
4 R 543 60 520  10 .4  
5 R 544 65 460  7.1 
6 R 5 -A  70 260  3.7 
7 R 94 70 160 2 .3  
8 R 472 130 750 5 .8  
Average  85 524  6.2 
(ii) D i ssemmat ions  m bas ic  lava  f lows  
SI. No .  Sp. No .  N i  Co  Co /N i  
1 R 475  220  480  2 .2  
Average  98 .3  478 .9  4 .9  
C. Pyr rhot i t  e 
In quar tz -su lph ide  lodes  
SI. No. Sp. No. Ni Co Co/Ni 
1 R 74 320 400 1 .3  
2 R 94 200 200 1 .0  
3 R 468 430 3920 9.1  
4 R 472 410 4060 9 .9  
5 R 474 330 750 2 .3  
6 R 544 230 3850 16 .6  
Average  320 2197 6 .9  
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than-usua l  cobalt  content  of the bas ic  me-  
tavo lcan ics  appear  to be  the four  favour -  
able attributes of the mineralized section 
of the Chitaldrug schist belt. Future ex- 
ploration programme within the belt 
should take cognizance of these factors. 
COBALT AND N ICKEL  IN  ORE 
MINERALS:  RESULTS 
D is t r ibut ion  of cobalt  and  n icke l  has  been  
determined  in 36 pyrite,  9 chafcopyr i te  
and  6 pyr rhot i te  samples .  These  are  
shown in Tab le  3. On ly  such  samples ,  
where  cha lcopyr i te  and/or  pyr rhot i te  
showed textura l  equ i l ib r ium wi th  unzoned 
pyrite,  were  chosen  for  ana lys is ,  w i th  a 
v iew to determin ing  the part i t ion coeff i-  
c ients  of cobalt  and  n icke l  between co-  
ex is t ing su lph ide  phases .  
Pyr i te  
35 out of 36 samples  show Co/N i> I, the 
h ighest  va lue  be ing  27:1. The  on ly  sample  
(448) w i th  Co /N i  ratio less  than one  (0. 67) 
shows  su lph ide  d i sseminat ions  conf ined  
wi th in  f ragmenta l  e jecta embedded in la- 
minated  tuff. 
Pyrite samples are grouped into three 
categories, based on their association 
and modes  of occurrence" (a) those in 
stratabound quartz-sulphide lodes, (b) 
those in pyrite-pyrrhotite-ehert rhythmite, 
and (c) those as veinlets and dissemina- 
tions in the metavolcanics. It is signifi- 
cant that the patterns of distribution of 
cobalt and nickel in these three groups 
are also quite distinctive. 
Pyrite f rom the quartz-sulphide lodes 
shows max imum tenors of both cobalt 
(15, 300 ppm) and nickel (1700 ppm) as 
wel l  as  the h ighest  Co /N i  ratio (27:1). 
The  average  of 21 ana lyses  is as  fo l lows:  
N i  - 587  ppm,  Co  - 4168 ppm;  Co /N i  - 
7.4:1. 
Pyr i te  f rom the pyr i te -pyr rhot i te -  
cher t  rhythmi tes ,  like their su lph ide -  
f ree  port ions ,  a re  character i sed  by  very  
low tenors  of cobalt  (average  180  ppm)  
and  n icke l  (average  103 ppm)  and  re lat ive-  
ly low Co/N i  rat io (I. 7:1). 
The  third group  - pyr i te  ve in lets  and  
d i sseminat ions  in metavo lcan ics  - occu-  
p ies  a somewhat  in termed ia te  pos i t ion in 
te rms of the t race  meta l  content.  The  
average  va lues  for eight ana lyses  are:  
Co  - 1369 ppm,  N i  - 404  ppm,  Co /N i  - 
3.4:1. Fur ther ,  the group  shows  a very  
nar row range  of n icke l  concent ra t ion  
(240-560  ppm)  wh i le  cobalt  concent ra t ion  
rangesDe,between 280-5000~.~ ppm.  F igure  2 
shows  X~o V s X~i  plot of all ana lysed  
pyr i te  samples .  The  d iagram shows  a 
genera l  tendency  towards  covar iance  of 
the two  e lements .  Th is  is ra ther  surpr i s -  
ing, in v iew of the d iverse  or ig in  and  
modes  of occur rence  of pyrite. The  field 
for  s t ra tabound pyr i te -pyr rhot i te -cher t  
rhythmi te  can  be  sharp ly  de l ineated;  the 
o ther  two  fields over lap ,  though the quar tz -  
su lph ide  lode samples  most ly  plot on  the 
h igh-coba l t  side. 
Pyrrhotite 
Six pyr rhot i te  samples ,  coex is t ing  w i th  
pyrite, were  ana lysed .  A nar row range  of 
n icke l  va lues  (200-410  ppm) ,  a much 
la rger  range  of cobalt  va lues  (200-4060 
ppm)  and  a w ide  range  of Co /N i  rat ios  
( I -16 .8)  a re  reg is te red .  Average  va lues  
are:  N i  - 320  ppm,  Co  - 2197 ppm,  Co /N i  - 
6. 9:1. Samples  94 and  74 wh ich  g ive the 
lowest  Co /N i  ratio, a re  f rom the in tersec -  
t ions of "cross-veins" with a pyrite- 
pyrrhotite-chert band. The low tenors of 
cobalt and nickel in these samples are 
probably due to intermixing of pyrrhotites 
of two different types. 
Po Po 
Plot of XNi  Vs  XCo gives a scattered 
d iagram (Fig. 3). 
Cha lcopyr i te  
E ight  out of n ine samples  a re  f rom quar tz -  
su lph ide  lodes  and  one  (475) is f rom pyro -  
c lasts embedded in tuff. Coba l t  concen-  
trat ion ranges  between 160-750  ppm and 
n icke l  concent ra t ion  between 50-130  ppm.  
Signif icantly, sample  475  records  lowest  
Co /N i  ratio, emphas iz ing  its di f ferent 
origin. 
Cp  ~Cpy 
P lot  of XN~ y Vs  ~Co g ives  a re lat ive-  
ly smooth  l inear  var ia t ion  d iagram (Fig. 
4) par t i cu la r ly  if sample  475  is ignored.  
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Par t i t ion ing  of e lements  between co-  
ex ist ing minera l  pa i rs  
Par t i t ion ing  of n icke l  and  cobalt  in co-  
ex ist ing pyr i te -pyr rhot i te  and  pyr i te -  
cha lcopyr i te  pa i rs  a re  shown in F ig.  5-8. 
Data  on  coex is t ing  cha lcopyr i te -pyr rho-  
rite pa i r  a re  too meagre  to be  dependab le .  
Py  Po  
XCo Vs  XCo (Fig. 5) shows  a smooth  
l inear var iat ion.  Sample  544 is ignored  
because  of the h igh  cobalt  va lue  where  the 
const ra in t  of a dilute solut ion is no  longer  
valid. The  other  three  d iagrams,  i.e. 
the X~ Vs X~ py plot, the xP~ Vs X~ py 
plot, and the X~ Vs xPo  plot, are scat- 
feted. 
The linear pattern can be tentatively 
accepted as having fulfilled the constraints 
of the dilute distribution law (e. g. Kern 
and Weisbrod, 1967) - i.e. the minerals 
are in equilibrium, Henry' s Law is obeyed, 
and the solute substitutes for a solvent 
of the same charge. However, curvilin- 
ear or scattered distribution diagrams 
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do not necessar i l y  imp ly  nonadherence  to 
the const ra in ts  of the dilute d istr ibut ion 
law; these  may s imp ly  mean a vary ing  
P -T  cond i t ion  dur ing  minera l i za t ion  such  
that the ratio of the activit ies of the ele-  
ment  in the two  phases  changes  sys temat i -  
cal ly w i th  F -T  var iat ion.  
Mc ln tyre  (1958, 1967)  has  demonst ra ted  
that if subst i tut ion of an  e lement  in a s t ruc  
ture necess i ta tes  fo rmat ion  of ( induced) 
vacanc ies ,  the part i t ion ing coeff ic ient of 
the e lement  - between the phase  conta in -  
ing such  induced  point vacanc ies  and  an-  
o ther  phase  - wou ld  not fo l low the distri-  
but ion  law, even  if the minera l -pa i r  were  
in equ i l ib r ium and fo rmed under  near -  
constant  P -T  condit ion. Fur ther ,  a sec -  
ond  t race  e lement ,  p resent  in any  one  
of the two  phases ,  cou ld  a lso affect the 
d istr ibut ion coeff ic ient of the first (Kretz,  
1959,  1960; Ghosh-Dast idar ,  1969). In 
none  of these  two  cases  of nonadherence  
to the d istr ibut ion law, a g ross  disequi l i -  
b r ium among the minera l  pa i r s  is indicat-  
ed. 
Ghosh-Dast idar  et al. (1970) have  de-  
r i ved  re lat ions  to show that: (a) if the 
ratio X~ /X~ increases  as X i inc reases  
TT ~ ± • H ( concentratlon plot ), the $ phase con- 
tains induced vacancies accompany ing  the 
subst i tut ion of i : if the same ratio de -  
c reases  as  X~ increases ,  the induced  
vacanc ies  a re  in the 0t phase .  (b) If R~ -~-" 
is observed  to be  propor t iona l  to (i/J)o t 
( " interact ion plot") i-j in teract ion in the 
0~ phase  has  af fected the distr ibut ion of i 
between c~ and  ~. 
In o rder  to test whether  the scat te red  
distr ibut ion d iagrams (Fig. 6, 7, 8) were  
due  to d i sequ i l ib r ium condi t ion o r  due  to 
" induced  vacancy"  and/or  "e lement  inter-  
act ion"  phenomena,  "concent ra t ion  plots" 
and  " in teract ion  plots" were  prepared .  
Par t i t ion ing  of cobalt  between pyr i te -  
cha lcopyr i te  pai r  (Fig. 6) is found  to be  
a scat te red  d iagram.  However ,  the par -  
t i t ion-coeff ic ient is observed  to be  de-  
pendent  on cobalt  concent ra t ion  in pyr i te  
(Fig. 9), thus ind icat ing presence  of in- 
duced  point imper fec t ions  (wh ich  were  the 
cause  of depar ture  f rom Henry '  s law) in 
cha lcopyr i te .  
Par t i t ion ing  of n icke l  between pyr i te -  
pyr rhot i te  pai r  (Fig. 8) a lso produces  a 
d iagram.  However ,  when R~ -P°  scat te red  
is plotted aga ins t  (Co /N i )po  (Fig. i0) a 
straight line re la t ionsh ip  is obta ined.  Ac -  
cord ing  to the mode l  of Ghosh-Dast idar  
et al. (1970) this wou ld  indicate that co -  
ba l t -n icke l  interact ion in pyr rhot i te  is 
respons ib le  for the dev iat ion  f rom Henry '  s 
law. 
When part i t ion ing of n icke l  between cha l -  
copyr i te -pyr i te  pa i r  is cons idered ,  in- 
duced  vacanc ies  in the cha lcopyr i te  (Fig. 
ii) as  we l l  as  Co-N i  interact ion in cha lco -  
pyr i te  (Fig. 12) a re  both  ind icated as  
l ikely causes  of dev ia t ion  f rom Henry '  s 
law. 
It is signif icant that wi th in  the pa i r  
cha lcopyr i te -pyr i te ,  induced  vacanc ies  
a re  ind icated in the cha lcopyr i te  phase  
accompany ing  subst i tut ions of cobalt  as  
wel l  as  nickel.  
It is there fore  a rgued that at least the 
minera l  pa i r s  pyr i te -pyr rhot i te  and  pyr i te -  
cha lcopyr i te  represent  equ i l ib r ium as -  
semblages ,  even  though the part i t ion ing 
coeff ic ients of the t race  meta ls  in some 
cases  give scat te red  d iagrams.  Depar tures  
f rom Henry '  s law, assuming  depos i t ion  
under  near -constant  P -T  condit ion, a re  
due  to : 
a) the presence  of induced  vacanc ies  ac -  
company ing  subst i tut ion of cobalt  in chal -  
copyr i te  - in the case  of part i t ion ing of 
cobalt  between pyr i te  - cha lcopyr i te ;  
b) the interact ion of cobalt  and  n icke l  in 
pyr rhot i te  - in the case  of part i t ion ing 
of n icke l  between pyr i te -pyr rhot i te ;  
c) coba l t -n icke l  interact ion,  and  presence  
of induced  vacanc ies  in cha lcopyr i te  - in 
the case  of part i t ion ing of n icke l  between 
pyrite - chalcopyrit e. 
Further, systematic relationship be- 
tween partition-coefficients and some 
crystal-chemical parameters  (e. g. in- 
duced vacancies) implies that the trace 
elements occur in solid solution and not as 
adsorbed or occluded material in the sul- 
phide phases. This, in its turn, would 
mean that higher trace-metal content of 
pyrite f rom the lodes is perhaps a reflec- 
tion of the higher temperature of fo rma-  
tion of the lodes. 
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D iscuss ions  
Co /N i  ratio in pyr i te  has  been  acc la imed 
by  many workers  as  a sensi t ive ind icator  
of (a) the env i ronment  of fo rmat ion ,  (Da-  
v idson,  1962; Hegemann,  1943) (b) the 
source  (F le ischer ,  1955;  Hawley ,  1952,  
1961), and/or  (c) the degree  of meta -  
morph ism su f fe red  by  the minera l  de -  
posits.  In the last case,  there  is confl ict- 
ing ev idence ,  suggest ing  enhancement  
(Itoh, 1971a,  b; Itoh and  Kaneh i ra ,  1967)  
as  wel l  as  deplet ion (M iyazak i  et al., 1974) 
of the Co /N i  ratio w i th  inc reas ing  meta -  
morph ism.  
The  Ing ladha l  suite of pyr i te  samples ,  
as  stated earl ier,  be longs  to three  dif- 
ferent  genet ic  g roups :  those  be long ing  to 
the su lph ide  fac ies  of i ron fo rmat ion ;  
those  be long ing  to the quar tz -copper  sul- 
ph ide  lodes; and  those  occur r ing  as dis-  
seminat ions  and  vein lets  in the metavo l -  
canics.  In the first g roup  the tenors  of 
Co  and  N i  a re  very  low and  the two  t race  
meta ls  occur  in near ly  equa l  p ropor t ion .  
In the second group  the concent ra t ion  
levels  of both  t race  e lements  a re  very  
h igh  and  the Co /N i  ratio ranges  up to 
27:1. The  third group  shows  an  inter-  
med ia te  range  of cobalt  concent ra t ion  and  
very  nar row range  of n icke l  content.  
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Fig.  2 c lear ly  b r ings  out the d i f fe rence  be-  
tween the first two  groups .  The  low t race  
meta l  content  of the sed imentary  pyr i te 
cont ras ts  sharp ly  wi th  the h igh  t race  me-  
tal content  of pyr i te  f rom the quar tz -  
sulphicle lodes. Th is  c lear ly  ind icates 
that wi th in  a g iven  geo log ica l  mi l ieu  
where  the avai labi l i ty factor  is p resumab-  
ly the same,  t race  meta l  content  of py -  
rite is ma in ly  a funct ion of the tempera -  
tu re  of fo rmat ion ,  espec ia l l y  when the 
t race  meta ls  a re  found to be  occur r ing  in 
solid solution. Pyr i te  d i sseminat ions  in 
metavo lcan ics ,  w i th  var iab le  cobalt  con-  
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tent and  near -constant  n icke l  va lues ,  per -  
haps  signify metamorph ic  equi l ibrat ion 
(of pyr i te  of d iverse  origin) whereby  
n icke l  is red is t r ibuted  between coex is t -  
ing su lph ides  and  fe r rornagnes ian  miner -  
als, wh i le  cobalt  concent ra t ion  in the py -  
r ites remains  pract ica l ly  unaf fec ted  (cf. 
Itoh, 1971). The  on ly  pyr i te  sample  (448) 
w i th  Co /N i  ratio less  than one  (0. 67), 
shows  su lph ide  d i sseminat ion  conf ined  
wi th in  e jecta embedded in laminated  tuff. 
Th is  is taken  to represent  a ra re  ins tance  
of ear ly  magmat ic  immisc ib le  su lph ide  
l iquid fract ion, character i sed  by  h igh  
n icke l  content  (cf. Wi l son ,  1953). A cha l -  
copyr i te  sample ,  (475) of s imi la r  mode 
of occur rence  and  presumably  of the same 
origin, l i kewise  shows  h igh  n icke l  va lue  
and  lowest  Co /N i  ratio among all ana lysed  
cha lcopyr i te  samples .  
Farkas  (1973) conc ludes  f rom his s tudy 
of the Texas  Gul f  depos i t  that cha lcopy-  
rite tends  to inc lude N i  ra ther  than Co  in 
its s t ructure.  Accord ing  to h im,  the fact 
that Co /N i  ratio is g reater  than unity for 
cha lcopyr i te  in many instances,  suggests  
that the initial ratio was  very  la rge  in 
the ore  fluid. In four  out of six cha lcopy-  
rite samples  f rom Ingladhal ,  the Co /N i  
rat ios a re  lower  than those  in coex is t ing  
pyrite, imp ly ing  a pre ferent ia l  enr i ch -  
ment  of N i  in cha lcopyr i te .  Coba l t  and  
n icke l  contents  in all cha lcopyr i te  samples  
f rom the quar tz -su lph ide  lode vary  sys -  
temat ica l ly  (Fig. 4). 
Where  pyr i te  and  pyr rhot i te  coexist,  
cobalt  tends  to be  enr iched  over  n icke l  
in pyr i te and  N i  over  Co  in pyr rhot i te  
(Vaughan,  1976), subject  to the var ia t ion  
in local  abundance  of the e lements .  Th is  
is be l ieved  to be  due  to the greater  c rys -  
tal field stabi l ization energy  of Co  2+ 
wh ich  is low-sp in  in pyrite, as  aga inst  
h igh-sp in  N i  2+ wh ich  favours  the pyr rho-  
tire lattice. In three  out of six ana lysed  
pyr i te -pyr rhot i te  pairs ,  (nos. 74, 94 
and  474) the n icke l  contents  of pyr rhot i te  
exceed those  in coex is t ing  pyrite. 
In spite of the known pre ference  for 
n icke l  (relative to cobalt) in cha lcopyr i te  
and  pyr rhot i te  s t ructures ,  not a s ingle 
ana lys i s  of these  two  minera ls  f rom the 
lodes  show Co/N i< I. Th is  is taken  to 
imp ly  a very  la rge  Co /N i  ratio in the ini- 
tial o re  fluid. The  d i scuss ion  on  the t race  
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e lement  content  of the host  rocks  (p. 3-5) 
a lso  revea led  that the vo lcan ic  rocks  of 
this a rea  are  character i sed  by  a h igher  
cobalt  content  than their counterpar ts  
e l sewhere .  It is there fore  tempt ing  to 
suggest  that the vo lcan ic  rocks  as  we l l  
as  the di f ferent su lph ide  minera ls  at Ing-  
ladhal  a re  all r f s tamped wi th  the ha l lmark  
of a speci f ic  meta l "  (Wi l l i ams,  1960), 
s ign i fy ing consangu in i ty .  
OREGENESIS  IN  THE L IGHT OF  TRACE 
ELEMENT DATA 
Modern  theor ies  of o regenes is  in minera l -  
i zed Archaean greenstone  belts  v i sua l i se  
o re - f lu ids  as  hot  sal ine br ines  that may 
or ig inate  in d iverse  manners  and  at dif- 
ferent  s tages  of the geo log ic  h i s to ry  of 
the te r rane .  The  exha la t ive  theory  and  
its var iants  pos tu la te  o re  depos i t ion  f rom 
vo lcanogen ica l ly -der ived  res idua l  aqueous  
fluids at o r  near  the vo lcan ic  rock /sea-  
water  in ter face  be fore  o r  dur ing  d iagene-  
sis and  lithification; the c lass ica l  hydro -  
thermal  theory  env isages  a long  t ime-  
interva l  between lithification of the host  
rock  and  ore  depos i t ion,  f rom ore -  
f luids of same origin; yet  another  schoo l  
(e.g. Anhaeusser  et al., 1969)  v i sua l i ses  
su lph ide  minera l i za t ion  in P recambr ian  
greenstone  belts as a consequence  of 
mob i l i za t ion  of cha lcoph i le  e lements ,  ini- 
tially p resent  in the maf ic  lavas,  th rough 
the agenc ies  of metamorph ism and  meta -  
somat i sm assoc ia ted  wi th  younger  gran-  
ites. 
Severa l  aspects  of t race  meta l  distr i -  
but ion  pat terns  in rocks  and  ores  of the 
Ing ladha l  reg ion  assume spec ia l  signi- 
f i cance  in this context.  
F i rst ,  a genet ic  connect ion  between 
the vo lcan ics  and  the ores  is s t rong ly  
ind icated by  the preponderance  of cobalt  
in both. 
Second,  in bar ren  metavo lcan ics ,  the 
occur rence  of n icke l  and  cobalt  ma in ly  
in the si l icate phase  and  that of copper  
ma in ly  as su lph ide  seem to indicate an 
ear ly  separat ion  of copper  f rom cobalt  
and  nickel.  
Th i rd ,  unusua l ly  h igh  non-su lph ide  
copper  content  of bar ren  bedded cher ts  
po ints  to the avai labi l i ty of a copper -  
r ich  so lut ion pr io r  to their lithification. 
Four th ,  very  h igh  cobal t  and  n icke l  con-  
tents in o rebody  pyr i te  - in cont ras t  w i th  
very  low tenors  of these  t race  meta ls  
in ad jacent  sed imentary  pyr i te  - seem 
to imp ly  a h igher  temperature  of fo rma-  
tion of the orebod ies .  
Mob i l i za t ion  of cha lcoph i le  e lements  
in maf ic  lavas,  th rough the agenc ies  of 
metamorph ism and  metasomat i sm asso -  
c iated w i th  younger  granites,  can  per -  
haps  be  ru led  out due  to two  reasons :  
rad iometr i c  age  data  [ Ingladhal  ga lena  - 
2900 ± 200  m.  y., V inogradov  and  Tugar i -  
nov,  1968; Ch i ta ld rug  gran i te  - 2400  - 
2450 m.y . ,  C rawford ,  1969]  indicate 
that su lph ide  minera l i za t ion  predates  the 
nearby  ch i ta ld rug  gran i te  intrusion;  and  
retent ion of very  la rge  amounts  of n icke l  
(and cobalt) in the sil icate phase  mil i t i -  
ares  aga inst  any  hypothes is  of efficient 
mob i l i za t ion  of cha lcoph i le  e lements  
f rom the maf ic  lavas.  
M inera l i za t ion  at vo lcan ic  rock /sea-  
water  inter face appears  unl ikely, in v iew 
of the h igh  temperature  of fo rmat ion  of 
o rebody  pyr i te  - as  re f lec ted  in its ac -  
commodat ion  of la rge  amounts  of t race  
meta ls .  Ore - f lu id  - seawater  mix ing  
mode ls  (Sato, 1972)  v i sua l i se  thermal  
equ i l ibrat ion  between the two: tempera -  
ture-  salinity re la t ionsh ips  determine  
whether  prec ip i ta t ion  wou ld  occur  imme-  
diately and  near  the point of d i scharge ,  
o r  somewhat  later and  away f rom the vent, - 
wi th in  depress ions  where  phys icochemica l  
env i ronment  favours  su lph ide  prec ip i ta -  
tion (e. g. where  su lph ide  fac ies  of i ron-  
fo rmat ion  is be ing  deposi ted) .  
T race  e lement  data  seem cons is tent  
w i th  the mode l  of a vocanogan ica l ly -  
der ived  Cu- r i ch  o re  fluid w i th  inter-  
stratal migrat ion  be low the sed iment -  
water  interface,  and  meta l l i za t ion  pr io r  
to lithification of the vo lcan ic las t i c  sedi -  
ments  (turfs) and  cherts .  Th is  wou ld  ele- 
gant ly  exp la in  (a) re tent ion  of re lat ive ly  
h igh  temperature  of the ore - f lu id  (no 
mix ing  w i th  seawater )  and  consequent  
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h igh t race  meta l  accommodat ion  in o re  
body  su lph ide  minera ls ,  (b) adsorpt ion  of 
apprec iab le  amount  of copper  by  the cher t  
bands  (availability of Cu- r i ch  solut ion 
be fore  lithification), and  (c) s t ra t i fo rm 
nature  of quar tz -su lph ide  lodes  wi th in  
the turfs. 
SUMMARY AND CONCLUSIONS 
i) The  Ing ladha l  suite of metavo lcan ics  
is r i cher  in cobalt  and  poorer  in copper ,  
compared  to s imi la r  vo lcan ic  complexes  
e l sewhere .  
2) Among the metavo lcan ic  complex ,  
the turfs a re  comparat ive ly  poorer  in 
their n icke l  content, p resumably  due  to 
subaqueous  weather ing  of f ine -gra ined  
fe r romagnes ian  minera ls  of these  vol -  
can ic last ic  rocks .  
3) About  90% of total nickel,  70% of 
total cobalt, but on ly  30% of total copper  
in the metavo lcan ics  occur  wi th in  the sili- 
cate phase .  Th is  imp l ies  a geochemica l  
di f ferent iat ion of copper  f rom cobalt  and  
n icke l  and  its enr i chment  in a res idua l  
flu id. 
4) Ext remely  low tenors  of cobalt  and  
n icke l  but h igh concent ra t ion  of copper  
in the 'chert signify avai labi l i ty of such  
copper - r i ch  solut ion be fore  o r  dur ing  
d iagenes is  of the cherts .  
5) The  quar tz -su lph ide  lodes  represent  
prec ip i tat ion  f rom such  an  ore - f lu id  in 
an  env i ronment  conduc ive  to su lph ide  
fo rmat ion  (as is ev ident  f rom the ad-  
jacent  su lph ide  fac ies  of i ron fo rmat ion) .  
6) Accommodat ion  of very  la rge  amounts  
of t race  meta ls  w i th in  the lode su lph ides  - 
in cont ras t  w i th  the low tenors  of t race  
meta ls  in the sed imentary  su lph ides  oc -  
cur r ing  in the same geo log ic  mi l ieu  - 
is taken to indicate a h igher  temperature  
of fo rmat ion  of the lodes.  
7) H igh  temperature  of fo rmat ion  and  
s t ra t i fo rm nature  of the lodes,  and  h igh  
copper  content  of bar ren  cher ts  imp ly  
interstratal  migrat ion  of, and  depos i t ion  
f rom,  the ore  fluid. In o ther  words ,  
minera l i za t ion  is in fe r red  to have  taken  
p lace  be low the sed iment -seawater  inter-  
face  w i thout  in termix ing  of o re  fluid wi th  
seawater .  
8) H igh  cobalt  content  of metavo lcan-  
ics and  of the su lph ide  minera ls  in o re  
lodes  are  taken  to signify a consangu in -  
ous  re la t ionsh ip  between the two. 
9) Pyr i tes  of sed imentary  i ron - fo rma-  
tion, of vo lcan ic -hydrothermal  quar tz -  
su lph ide  lodes,  and  of metamorphosed  
vo lcan ics  a re  character i sed  by  dist inc-  
tive pat terns  of Co-N i  distr ibution. 
i0) Par t i t ion ing  of t race -meta ls  be -  
tween coex is t ing  su lph ide  pa i rs  in the 
ore  bod ies  ind icates that, in some in- 
s tances,  depar tures  f rom Henry '  s law 
are  due  to induced  vacanc ies  and/or  the 
interact ion of a Second t race  meta l  in 
one  of the minera l  phases .  Pyr i te -pyr rho-  
tire and  pyr i te -cha lcopyr i te  minera ls  
pa i rs  represent  equ i l ib r ium assemblages .  
II) Very  h igh  copper  content  (~500 ppm)  
of unminera l i sed  cher t  bands ,  c lose  prox -  
im i ty  of o rebod ies  w i th  the su lph ide  fa- 
c ies of i ron - fo rmat ion ,  h igher - than-usua l  
cobalt  content  of the assoc ia ted  vo lcan ic  
complex ,  and  lower - than-usua l  copper  
content  of these  rocks  seem to character -  
ize the minera l i zed  Ing ladha l  sect ion of 
the la rger  Ch i ta ld rug  greenstone  belt. 
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